ABSTRACT Keane et al. recently detected a fading radio source following FRB 150418, leading to the identification of a putative host galaxy at z = 0.492 ± 0.008. Assuming that the fading source is the afterglow of FRB 150418, I model the afterglow and constrain the isotropic energy of the explosion to be a few 10 50 erg, comparable to that of a short duration GRB. The outflow may have a jet opening angle of ∼ 0.22 rad, so that the beaming-corrected energy is below 10 49 erg. The results rule out most FRB progenitor models for this FRB, but may be consistent with either of the following two scenarios. The first scenario invokes a merger of an NS-NS binary, which produced an undetected short GRB and a supra-massive neutron star, which subsequently collapsed into a black hole, probably 100s of seconds after the short GRB. The second scenario invokes a merger of a compact star binary (BH-BH, NS-NS, or BH-NS) system whose pre-merger dynamical magnetospheric activities made the FRB, which is followed by an undetected short GRB-like transient. The gravitational wave (GW) event GW150914 would be a sister of FRB 150418 in this second scenario. In both cases, one expects an exciting prospect of GW/FRB/GRB associations.
INTRODUCTION
Fast radio bursts (FRBs) are high-Galactic-latitude radio bursting sources with anomalously high dispersion measure (DM) (Lorimer et al. 2007 ; Thornton et al. 2013) . Due to the limited data, especially the lack of distance measurements, their physical origin has been unknown.
Lately, Keane et al. (2016) discovered a bright radio fading transient following FRB 150418, which lasted for about 6 days. This led to the identification of a putative host galaxy of the FRB 1 , which is an elliptical galaxy at z = 0.492 ± 0.008. The cosmological origin of at least some FRBs, if confirmed by more observations, has profound implications. It opens the exciting prospects to use FRBs to probe the universe, including identifying missing baryons (McQuinn 2014) , constraining the baryon number density Ω b (Deng & Zhang 2014; Keane et al. 2016 ), dark energy properties (Zhou et al. 2014; Gao et al. 2014) , and the ionization history of the universe (Deng & Zhang 2014; Zheng et al. 2014) , as well as conducting fundamental tests of Einstein's Equivalent Principle (Wei et al. 2015) , and setting a stringent upper limit on the photon mass .
This Letter addresses another question: if the radio transient following FRB 150418 is indeed the afterglow of the FRB, what would the discovery tell us about the progenitor system of the FRB? I will use the observational data to constrain the energetics of the event, and subsequently narrow down the available progenitor models for 150418-like FRBs.
THE AFTERGLOW
According to Keane et al. (2016) , the brightness of the radio afterglow is comparable to that of short-duration gamma-ray bursts (GRBs). The follow-up observations were made using the Australia Telescope Compact Array (ATCA) at 5.5 GHz and 7.5 GHz. The first observation 1 An objection to this claim was raised by Williams & Berger (2016) , but see a counter-argument by Li & Zhang (2016) . started at about 2 hours (7740 s) after the FRB and lasted for 19800 s. The mid-point epoch of this observation is at t 1 = 17640 s after the FRB. The flux density is F ν (t 1 ) = 0.27 ± 0.05 mJy (per beam) at 5.5 GHz, and F ν (t 1 ) = 0.18 ± 0.03 mJy (per beam) at 7.5 GHz. The second observation started at almost 6 days later (512580 s after the FRB) and lasted for 72900 s. The mid-point epoch of this observation is t 2 = 549030 s. The 5.5 GHz flux density is F ν (t 2 ) = 0.23 ± 0.02 mJy (per beam), and the source was not detected in 7.5 GHz, with an upper limit F ν (t 2 ) < 0.08 mJy (per beam). The third observation started about 2 more days later (681830 s after the FRB) and lasted for 74700 s. The mid-point epoch of this observation is at t 3 = 719180 s. The 5.5 GHz flux density is F ν (t 3 ) ∼ 0.09 mJy (per beam), and the source was still not detected in 7.5 GHz. There were two more later observations, but the 5.5 GHz flux density is saturated around 0.09 mJy per beam, and 7.5 GHz observations only gave upper limits. One may regard 0.09 mJy per beam as the background flux from the host, then the 5.5GHz afterglow flux at t 3 should be below 0.09 mJy per beam.
One may apply the 5.5 GHz data 2 to estimate the decay slope (in the convention of F ν ∝ t −α ν −β ) between the first two epochs:
−0.090 , with the error defined by the flux error and time bin size of each measurement. This is much shallower than the nominal decay slope (∼ 1) according to the standard GRB afterglow model (Mészáros & Rees 1997; Sari et al. 1998; Gao et al. 2013) , suggesting that the peak time t p is likely between t 1 and t 2 . Similarly, one can derive the decay slope between the second and third epoch,
+4.88 −1.81 , with 2 The 7.5 Hz data are troublesome to the picture discussed below, and to the synchrotron theory in general. According to the data, the spectral slopes are β 1 = 1.31 +1.14 1.16 at t 1 and β 2 > 3.40 +0.27 −0.29 at t 2 , with ∆β = β 2 − β 1 > 2.11 +1.41 −1.44 . This is much greater than ∆β = 0.5 allowed by the synchrotron cooling theory.
the ≥ sign reflecting the fact F ν (t 3 ) ≤ 0.09 mJy. This decay slope is unusually steep for an external shock model, which may require a collimated jet (Rhoads 1999) . Alternatively, the source may undergo significant scintillation (e.g. Williams & Berger 2016) during the second epoch of observation, so that the true decay slope may be shallower than observed.
Based on the standard afterglow model, the peak flux density of the afterglow is
L,28 , (1) where E K,iso is the isotropic kinetic energy of the outflow (normalized to 10 51 erg), n is the ambient medium number density, ǫ B is the magnetic equipartition parameter (normalized to 0.1), and D L is the luminosity distance. Plugging in z = 0.492 and D L,28 = 0.87 (concordance cosmology adopted), and assuming F ν,max 0.27 mJy, one can immediately derive
This is indeed an energy of the order of a short GRB. The peak time should correspond to the epoch when the minimum injection synchrotron frequency ν m crosses the radio frequency 5.5 GHz. Expressing
where ǫ e is the electron equipartition parameter (normalized to 0.1), and t is the observer time (normalized to 10 
This is smaller than t 2 , which is consistent with the data. Finally, if one assumes that the steep α 23 is intrinsic (rather than a consequence of scintillation), one may constrain the jet opening angle θ j by requiring the jet break time t j t 2 , i.e.
(5) Applying Eq.(2) and t j ≤ t 2 , one gets
The beaming-corrected kinetic energy is
POSSIBLE PROGENITOR
A possible association between FRBs and GRBs, especially short GRBs, was first proposed in Zhang (2014) 3 . It has been shown that the afterglow of FRBs, without association of a GRB-like event, would be quite faint (Yi et al. 2014) . The association of FRB 150418 with a bright radio afterglow comparable to that of a short GRB therefore rules out most of the proposed progenitor systems for this FRB, such as stellar flares (Loeb et al. 2014 ), giant radio pulses from young pulsars (Cordes & Wasserman 2016; Connor et al. 2016) , magnetar giant flares (Popov & Postnov 2013; Kulkarni et al. 2014; Katz 2015) , merger of double white dwarf systems (Kashiyama et al. 2013) , and comets falling onto neutron stars (Geng & Huang 2015) 4 . The standard "blitzar" model (Falcke & Rezzolla 2014 ) has a maximum energy of the order of the total magnetic field energy in the ejected magnetosphere, which is ∼ (1.7 × 10 47 erg)B G. However, with a large delay time between the supramassive neutron star birth and collapse, as envisaged by Falcke & Rezzolla (2014) , the environment of the neutron star would be very clean. It is hard to collimate the outflow to the desired small jet opening angle. Without collimation, the isotropic energy (E K,iso ∼ 2.7 × 10 50 erg) of the FRB requires B p > 4 × 10 16 G to power the afterglow, which is far-stretching. On the other hand, for the scenario of a blitzar following a short GRB, as proposed by Zhang (2014) , the energy associated with the pre-blitzar explosion would be large enough to power the afterglow, without introducing extreme parameters to the supra-massive neutron star itself (see more discussion below in Sect. 3.2). In general, the large energy budget of the radio afterglow requires that the progenitor system involves a catastrophic event. The relatively small energy as compared with long GRBs, and more importantly, the elliptical host galaxy, point towards a compact star merger event. Below I discuss several possible candidates.
3.1. NS-NS mergers with a post-merger BH and BH-NS mergers Traditional NS-NS mergers are expected to produce a black hole as the post-merger product. Accretion of tidally disrupted debris into the newly formed BH would power a short GRB (Paczýnski 1986; Eichler et al. 1989; Rezzolla et al. 2011) . No FRB is expected. The same applies to BH-NS mergers (Paczýnski 1991) .
For NS-NS mergers, it is possible that a differentialrotation-supported hyper-massive NS may survive for 100s of milliseconds (e.g. Hotokezaka et al. 2013) . It later collapses to a BH, and the subsequent accretion powers a short GRB. Totani (2013) argued that during the hyper-massive NS phase, synchronization of magnetic fields of the two neutron stars may produce an FRB. He envisaged isotropic emission of the FRB to interpret the high event rate of FRBs. However, significant mass ejections are expected before merger (e.g. Hotokezaka et al. 2013) , so that in most solid angles, an FRB, if produced, cannot penetrate through the ejecta and hence, cannot be observed (Zhang 2014) . Even in the polar direction where the ejecta may not block the FRB emission, a strong neutrino-driven baryon wind is expected, so that the plasma density is again too high to allow the propagation of FRB emission.
I conclude that this "standard" scenario of NS-NS/BH-NS mergers cannot account for FRB 150418-like events.
3.2. NS-NS mergers with a supra-massive NS merger product If the neutron star equation of state is stiff enough, at least some NS-NS mergers would produce rigid-rotation-supported supra-massive NSs or stable NSs (e.g. Dai et al. 2006; Metzger et al. 2008 Metzger et al. , 2011 Bucciantini et al. 2012; Zhang 2013; Rezzolla & Kumar 2015; Ciolfi & Siegel 2015) . As a supra-massive NS spins down via either magnetic dipole radiation or gravitational wave radiation due to a magnetic-fieldinduced ellipticity (e.g. Fan et al. 2013; Gao et al. 2016; Lasky & Glampedakis 2016) , the internal dissipation within the pulsar wind might drive bright X-ray emission via synchrotron radiation (e.g. Zhang 2013 and references therein). After losing significant angular momentum, it would collapse to a BH at a critical rotation period, making an extremely steep decay segment in the X-ray afterglow light curve of a short GRB (Rowlinson et al. 2013; Lü & Zhang 2014; Lü et al. 2015) . Following the blitzar idea (Falcke & Rezzolla 2014) , Zhang (2014) suggested that an FRB may be launched as the supra-massive NS collapses and the magnetosphere ejected. This idea was further developed by . The collapse time and the X-ray plateau luminosity can be used to constrain NS equation of state and the properties of the merger product Lü et al. 2015; Gao et al. 2016) .
Such a scenario is allowed for FRB 150418. The initial merger leads to a short GRB, and a later collapse leads to an FRB. The short GRB may not be bright enough to trigger GRB detectors (e.g. Fermi/GBM). Given E K,iso ≃ 2.7 × 10 50 erg, the isotropic γ-ray energy (E γ,iso ) can be smaller than 10 50 erg if the γ-ray emission efficiency is not large (e.g. < 10%), so that a short GRB may be too faint to be detected by Fermi/GBM.
One caveat of this scenario is the small energetics of the event. Since the post-merger supra-massive NS must be rapidly spinning, in order to account for the observed small energetics, the supra-massive NS must collapse before most spin energy is released, and/or most spin energy must be carried away through gravitational wave radiation ).
Pre-merger dynamical magnetospheric activities
The possible detection of a 1 s -duration hard transient (Connaughton et al. 2016 ) 0.4 s after the BH-BH merger gravitational event GW 150914 (Abbott et al. 2016a ) raised a wave of modeling possible electromagnetic counterparts from BH-BH mergers. One scenario as suggested by is that if at least one of the two BHs carries a certain charge, the merging BHs would form a current loop, and thereby drive a magnetosphere with increasing wind power right before the final merger. The wind may power a putative short-duration GRB if the charge is large enough (with a dimensionless chargê q ∼ 10 −4 ), or an FRB for a smaller threshold charge (q > 10 −7 ). This model predicts a direct association of FRBs with short GRBs along with GW events. A related mechanism invoking charged Kerr-Newman black holes was proposed by Liu et al. (2016) . The spirit of model, namely, launching a Poynting flux from a dynamically evolving electromagnetic system due to a merger, is also applicable to other scenarios that invoke magnetospheres rather than charges. For example, Wang et al. (2016) recently proposed an FRB model invoking two merging NSs. They suggested that the electromotive force induced due to the inspiral of the system would accelerate electrons to power an FRB. In general, these models invoking pre-merger dynamical magnetospheric activities present another plausible type of scenarios to interpret FRB 150418-like events.
Observationally, the isotropic kinetic energy of FRB 150418 (Eq. (2)) is about one order of magnitude larger than that of the EM energy of GW/GBM 150914 event (Connaughton et al. 2016 ), but the beaming-corrected kinetic energy (Eq. (7)) is slightly smaller. The similarity of energetics between the two events suggests a possible connection between GW 150914-like events and FRB 150418-like events.
The steep decay slope α 23 , if not an effect of scintillation, would be difficult to interpret with a BH-BH merger, since the environment is relatively clean and collimation of the jet is not easy. Strong collimation is possible for a NS-NS or NS-BH merger system, since the ejecta launched during the inspiral phase would serve as a collimator of the jet.
EVENT RATE DENSITY
The current FRB event rate density may be estimated asρ
whereṄ FRB is the daily all-sky FRB rate which is normalized to 2500 (Keane & Petroff 2015) , and D L is the luminosity distance of the FRB normalized to 6.7 Gpc (z = 1). Since there are more than one types of progenitor (Keane et al. 2016; Spitler et al. 2016 ), the parameter f < 1 denotes the fraction of 150418-like FRBs. For the NS-NS merger scenario leading to a supramassive NS which produces an FRB as it collapses (Zhang 2014) , one may expect that the rate of observable short GRB/FRB associations is comparable to the observed short GRB rate, (4 − 7) Gpc −3 yr −1 (Sun et al. 2015) , corrected for the fraction that produces a supramassive NS (about 30%, Gao et al. 2016) . This falls short to the observed value in Eq.(8). However, since the putative short GRB associated with FRB 150418 did not trigger GRB detectors, there could be a large population of un-triggered GRB-like events that may be associated with FRBs. If this blitzar mechanism is correct, there should be also other FRBs that are generated from supra-massive NSs with a much larger delay time from birth to death (Falcke & Rezzolla 2014) . Since the total energy budget of these blitzars is much smaller than that of FRB 150418, their radio afterglows would be much fainter than this one (Yi et al. 2014) . The first detection of FRB 150418 radio afterglow may be simply due to a selection effect.
Zhang
Within the pre-merger dynamical magnetospheric activity scenarios Liu et al. 2016; Wang et al. 2016) , the FRB event rate is directly related to the compact star merger event rate. The event rate density of BH-BH mergers as inferred by the LIGO team based on the detection of GW 150914 is ∼ (2 − 53) Gpc −3 yr −1 , with the most optimistic value as high as ∼ 400 Gpc −3 yr −1 (Abbott et al. 2016b ). This is somewhat smaller than Eq.(8), but could become consistent with the observed rate if the cosmological fraction f is small enough. More comfortably, the theoretical event rate can be boosted up by a factor of a few if one includes NS-NS and NS-BH mergers into the mix. The true rates of these two types of mergers are at least one order of magnitude higher than BH-BH mergers. However, considering possible beaming in these systems due to the ejecta surrounding the system, the net gain of the FRB event rate density by including these systems may be a factor of a few.
SUMMARY AND DISCUSSION
Assuming that the radio transient following FRB 150418 is its afterglow, I have modeled the radio afterglow data and reached the following conclusions: The afterglow demands a large isotropic kinetic energy of several ×10 50 erg. If the steep decay after t 2 ≃ 5.5 × 10 5 s is interpreted as due to a jet break, the inferred jet opening angle is 0.22 rad, and the beaming corrected energy drops below 10 49 erg. In view of the energetics and the observed elliptical host galaxy, the progenitor system of FRB 150418 should invoke a compact star merger. The traditional model of generating GRBs through accretion into a BH merger product is not a credential candidate to produce FRBs (c.f. Totani 2013) . The data, on the other hand, seem to be consistent with either of the following two scenarios: 1. An NS-NS merger leads to a supramassive NS after the merger, which subsequently collapses into a BH and releases an FRB (Zhang 2014) . The expectations of this scenario include that the FRB should lag behind the GRB by some time (typically hundreds of seconds based on observations, Gao et al. 2016 and references therein), and that there should be other blitzar-like events that are not associated with GRBs (Falcke & Rezzolla 2014) . 2. The FRB is produced before the merger of two compact objects through some pre-merger dynamical magnetospheric activities Liu et al. 2016; Wang et al. 2016) . Within this scenario, the FRB may slightly lead the short GRB, but may coincide with the GW chirp signal. The LIGO event GW 150914 (Abbott et al. 2016a ) would be a sister of FRB 150418. One would expect an FRB simultaneously emitted at the GW chirp signal time of GW 150914, and a GW chirp signal at the time of FRB 150418.
In both cases, one would foresee an exciting prospect of GW/FRB/GRB associations. A joint search among the GW, FRB, and GRB communities is encouraged. The joint detections/non-detections would prove/disprove the models discussed here, and the relative ordering among the GW, FRB, and GRB signals (for detections) would differentiate the different scenarios discussed in this Letter.
Finally, all the discussion in this Letter is based on the assumption that the fading radio transient following FRB 150418 is the afterglow of the FRB. Williams & Berger (2016) argued that the putative radio afterglow of FRB 150418 is simply emission of a flaring AGN that happens to fall into the Parkes beam of FRB 150418. On the other hand, Li & Zhang (2016) showed that the chances to have an AGN with such a high variability in the Parkes beam of FRB 150418 and to have a bright flare right after the FRB are low. They argued that the afterglow possibility is not ruled out. Further monitoring of the source and follow-up observations of other FRBs can tell whether some FRBs (FRB 150418-like) are indeed followed by bright radio afterglows, and hence, whether the discussion in this Letter is relevant.
